Microlensing and pixel-lensing surveys play a fundamental role in the searches for galactic dark matter and in the study of the galactic structure. Recent observations suggest the presence of a population of old white dwarfs with high proper motion, probably in the galactic halo, with local mass density in the range 1.3 × 10 −4 − 4.4 × 10 −3 M ⊙ pc −3 , in addition to the standard galactic stellar disk and dark halo components. Investigation of the signatures on microlensing results towards the LMC of these different lens populations, with particular emphasis to white dwarfs, is the main purpose of the present paper. This is done by evaluating optical depth and microlensing rate of the various lens populations and then calculating through a Montecarlo program, the probability that a lens which has caused a microlensing event of duration t E belongs to a certain galactic population. Data obtained by the MACHO Collaboration allow us to set an upper bound of 1.6 × 10 −3 M ⊙ pc −3 to the local mass density of white dwarfs distributed in spheroidal models, while for white dwarfs in disk models all values for the local mass density are in agreement with observational results.
Introduction
MACHOs (Massive Astrophysical Compact Halo Objects) have been detected since 1993 in microlensing experiments towards the Large and Small Magellanic Clouds (LMC and SMC) as well as towards the galactic center. Although the events detected towards the SMC seem to be a self-lensing phenomenon 1,2,3,4 , a similar interpretation of all the events discovered towards the LMC looks unlikely 5 . Indeed, no purely LMC self-lensing models may produce optical depths as large as that reported by MACHO and EROS Collaborations. However, due to large uncertainties and the few events at disposal, it is not possible to draw at present sharp conclusions about the lens nature and localization. Indeed, the most plausible solution is that the LMC events detected so far are not due to a single lens population but to lenses belonging to different intervening populations: low mass stars in the LMC or in the galactic disk and MACHOs in the galactic halo. The average MA-CHO mass from observations results to be ≃ 0.5 M ⊙ , 6 , so that the white dwarf hypothesis looks to several authors as the best explanation for MACHOs. However, 1 the resulting excessive metallicity of the halo makes this option untenable, unless the white dwarf contribution to halo dark matter is not substantial. 7,8 So, some variations on the theme of white dwarfs have been explored.
An option is that the galactic halo resembles more closely a minimal halo (i.e. the Milky Way is well described by a maximal disk model) rather than an isothermal sphere, in which case the average MACHO mass gets decreased so that most of them may still be brown dwarfs. In this connection, two points should be stressed. First, a large fraction of microlensing events (constituting up to 50% in mass) can be binary systems -much like ordinary stars -thereby counting as twice more massive objects. 9,10 Second, MACHOs in the galactic halo could be brown dwarfs -with mass substantially larger than ≃ 0.1 M ⊙ 11 -since a slow accretion mechanism from cloud gas is likely to occur. 12 An alternative possibility has been pointed out: since the stellar initial mass function may change with the galactocentric distance, 13 it can well happen that brown dwarfs substantially contribute to the halo mass density without however dominating the microlensing optical depth. 14 On the other hand, it has been suggested that, in addition to main sequence stars, brown dwarfs and white dwarfs, also a population of black holes may exist in the Galaxy. These black holes may have been already observed in microlensing surveys. 15,16 Indeed, at least 6 extremely long events exhibiting very strong microlensing parallax signals have been detected by MACHO, GMAN and MPS Collaborations, indicating that a substantial fraction of the galactic lenses can be massive stellar remnants with masses up to ≃ 10 M ⊙ .
Quite recently, faint blue objects discovered by the Hubble Space Telescope have been understood as old halo white dwarfs lying closer than ∼ 2 kpc from the Sun: 17,18,19 they look as a good candidate for MACHOs. Moreover, very recently it has been found that the sample of local white dwarfs is largely complete out to 13 pc and that the local number density of white dwarf stars is n wd (R 0 ) = (5.0 ± 0.7) × 10
If these white dwarfs make a relatively important fraction of the galactic dark matter, as it seems, then they should also show up in the microlensing searches. In this context, we consider either a spheroid or a disk-like distribution of white dwarfs in addition to the two (thin and thick) stellar disks, the bulge and the standard halo components. 21 Investigation of the signatures on microlensing results towards the LMC of the different lens populations, with particular emphasis to white dwarfs, is the main aim of the present paper.
To this end, we shall consider all available informations from gravitational microlensing experiments towards the LMC: optical depth, microlensing rate and event duration to try solving the problem of distinguishing among different lens populations. Note that we do not take into account the informations from the two observed parallax events towards the SMC which imply that these events are most likely selflensing. From this fact one cannot infer that also all LMC events are self-lensing events since it is known that the SMC is extended along the line of sight (so that microlensing is dominated by self-lensing) while there is little evidence that the LMC is similarly extended. Furthermore, since we are interested in the matter distribution in our galaxy and are not modelling the LMC mass distribution, we do not calculate the expected number of self-lensing events but use the estimation by 6 to subtract these events from the total number of microlensing events given by the MACHO Collaboration. 5 Regarding the problem of distinguishing between different lens populations, we also note that since white dwarfs lie relatively nearby the stellar disk, their transverse velocity should be different with respect to the typical transverse velocity of the halo MACHOs. This should give, in principle, a "signature" of the events due to white dwarfs in microlensing searches.
In Section 2 we review the current status of high velocity white dwarf observations from which the local white dwarf mass density value is estimated. In Section 3 we present the adopted mass distribution for the stellar, white dwarf and halo components while in Section 4 we briefly review the standard equations for the microlensing optical depth, event rate and event duration. In Section 5 we present our model results which, compared with microlensing observations towards the LMC, allow to constrain the white dwarf local mass density. Finally, in Section 6 we draw our main conclusions.
The "halo" white dwarf component
Recently the detection of a significant population of old white dwarfs with high proper motion which might be representative of the galactic halo has been announced. 22 Assuming white dwarfs with mass m wd ≃ 0.6 M ⊙ , the inferred mass density is ρ wd (R 0 ) = 1.
a This estimate (which accounts only for 2% of the local dynamical mass density) has to be considered as a lower limit since a larger population of even fainter and cooler white dwarfs may be present in the galactic halo. 22 Moreover, faint blue objects discovered by the Hubble Space Telescope have been understood as old halo white dwarfs lying closer than ∼ 2 kpc from the Sun. 17,19 More recently, it has been also found that the sample of local white dwarfs is largely complete out to 13 pc and that the local number density of white dwarf stars is n wd (R 0 ) = (5.0 ± 0.7) × 10 −3 pc −3 with a corresponding mass density of ρ wd (R 0 ) = (3.4 ± 0.5) × 10 −3 M ⊙ pc −3 for an assumed white dwarf mass m wd ≃ 0.65 M ⊙ . 20 b Therefore, if this white dwarf population is representative of the galactic halo or belongs to a thick disk -as implied by the analysis in 25 -then it should obviously contribute to the claimed microlensing populations. For completeness we mention that alternative explanations have been suggested. For instance it has been shown that the old white dwarf population might still be interpreted as a high-velocity a This was derived by using the tail of the disk population c . 26 We also note that this population of high-velocity white dwarfs can be derived from a population of binaries residing initially within the thin disk of the Galaxy. The binaries with a massive enough star are broken up if the primary star explodes as a Type II Supernova owing to the combined effects of the mass loss from the primary and the kick received by the neutron star on its formation. It has been shown that for a reasonable set of assumptions concerning the galactic supernova rate and the binary population, the obtained local number density of high-velocity white dwarfs is compatible with that inferred from observations. 27 Therefore, a population of white dwarfs originating in the thin disk may make a significant contribution to the observed population of highvelocity white dwarfs. In Section 5 and 6 we shall consider white dwarfs distributed in the Galaxy, either with a spheroidal or disk-like shape, up to very large distances. On the other hand, since only local measurements for the average white dwarf mass density are available, we shall consider the white dwarf average local mass density as a free parameter constrained by the available observations with lower bound ρ wd
We also use as a reference value the white dwarf mass m wd = 0.65 M ⊙ .
Mass distribution in the Galaxy
We consider a four component model for the mass distribution in the Galaxy: a triaxial bulge, a double stellar disk, a white dwarf component (either with a disklike or a spheroidal shape) and a dark matter halo.
In particular, the central concentration of stars is described by a triaxial bulge model with mass density given by
where the bulge mass is M b ∼ 2 × 10 10 M ⊙ and the scale lengths areã = 1.49 kpc, b = 0.58 kpc, c = 0.40 kpc. 29 The coordinates x and y span the galactic disk plane, whereas z is perpendicular to it. The remaining stellar component can be described with a double exponential disk, 30 so that the galactic disk has both a "thin" and a "thick" component. For the "thin" luminous disk we adopt the following density distribution
where the local projected mass density is Σ 0 ∼ 25 M ⊙ pc −2 , the scale parameters are H ∼ 0.30 kpc and h ∼ 3.5 kpc and R 0 =8.5 kpc is the local galactocentric distance. Here R is the galactocentric distance in the galactic plane. For the "thick" component we consider the same density law as in eq. (2), but with variable thicknesses in the range H = 1 ± 0.5 kpc and local projected density Σ 0 ∼ 35
For the halo component we consider a standard spherical halo model with mass density given by
where a h ≃ 5.6 kpc is the halo dark matter core radius, ρ h (R 0 ) is the local halo dark matter density. As required by microlensing observations 5 we take, for definiteness, halo MACHOs of mean mass m h ≃ 0.5 M ⊙ . As far as the white dwarf component is concerned, we assume white dwarfs of the same mass m wd ≃ 0.65 M ⊙ , distributed according to two different laws: a) a thick disk distribution with
or b) a spheroidal shape with
where a wd = 2 − 4 kpc is the white dwarf core radius, q wd is the flatness parameter and H wd = 1 − 5 kpc is the height scale. A condition to constrain the parameters in the previous mass models is that the total local projected mass density within a distance of (0.3 − 1.1) kpc of the galactic plane is in the range (40 − 85) M ⊙ pc −2 . 21 In addition, we require that the local value of the rotation curve is
and that at the LMC distance is v rot (LM C) ≃ (240 ± 40) km s −1 .
Microlensing optical depth, rate and event duration
When a MACHO of mass m i (the i suffix refers to the considered lens population, i.e., thin and thick stellar disk, white dwarfs and halo MACHOs) is sufficiently close to the line of sight between us and a star in the LMC, the light from the source suffers a gravitational deflection and the original star brightness increases by 31
Here u = d/R E (d is the distance of the MACHO from the line of sight) and R E is the Einstein radius defined as:
with x = D L /D S , where D S is the source-observer distance and D L is the distance to the lens. The microlensing optical depth is defined as
where ρ i (x) = m i n i (x) is the lens mass density for the i-th lens object galactic population, so that the galactic total optical depth is τ tot = i τ i . Of course, the total optical depth should also include the contribution from self-lensing τ self by lenses in the LMC. It follows that the mean position of the i-th lens object population is defined as:
The microlensing rate Γ i (i.e. the number of events per unit time and per monitored star) due to the i-th lens object population is given by 32
where v L , v S and v t are the lens, source and microlensing tube two-velocities in the plane transverse to the line of sight. Therefore, the integral above is actually a five-dimensional integration.
As usual, we calculate the transverse tube velocity by
where v ⊙ is the local velocity transverse to the line of sight and θ is the angle between v ⊙ and v S . In the rate calculation, eq. (10), we consider, as usual, a microlensing amplification threshold A th = 1.34, corresponding to u th = 1. Moreover, the velocity distribution functions f (v L − v t ) and f (v S ) are assumed to have a Maxwellian form with one-dimensional dispersion velocity σ i different for each lens and source populations. We take σ d = 30 km s −1 for the stellar disks and σ h = 156 km s
for the bulge and halo populations. In the case of white dwarfs distributed according to the spheroidal model we take σ wd = 100 km s −1 , while for the disk shape distribution we consider σ wd = 50 km s −1 . 6 From equation (10) , the differential rate distribution in event duration t E (defined as the time taken by the lens to travel the distance R E in the direction orthogonal to the line of sight) is
where The average event duration < t E > i of microlensing events due to a lens of the i-th population can be computed as
while the number of expected microlensing events during an observation time t obs is given by
where ǫ(t E ) is the experimental detection efficiency towards the LMC given by the MACHO Collaboration 33 and N * is the number of monitored stars.
Model results
Here we present the results we obtain for the optical depth, the microlensing rate and the average microlensing event time duration towards the LMC (l = 280.5 0 , b = −32.9 0 , D S = 50 kpc) for the different mass components of the assumed galactic models.
In Fig. 1a we present the optical depth as a function of the white dwarf vertical height scale H wd for the two extremal white dwarf disk models with local mass density ρ wd (R 0 ) = 3.4 +0.5 −0.5 × 10 −3 M ⊙ pc −3 and 1.3 × 10 −4 M ⊙ pc −3 , respectively. For each value of ρ wd (R 0 ) and H wd , the white dwarf local projected mass density is determined -being Σ wd (R 0 ) = ρ wd (R 0 )H wd -in such a way that the local galactic rotation speed, including the contribution of the galactic halo dark matter ρ h (R 0 ) = [7.9 × 10 −3 M ⊙ pc −3 − ρ wd (R 0 )], is in agreement with the experimental constraints on the galactic rotation curve v rot (R 0 ) = 220 ± 20 km s −1 and v rot (LM C) = 240 ± 40 km s −1 . For comparison, we also show in Fig. 1  (grey band) the difference between the observed optical depth (estimated by gravitational microlensing experiments) and that estimated for a standard stellar disk. 5 In Fig. 1b we present the optical depth for white dwarf spheroidal models with local mass density ρ wd (R 0 ) = 3.4
as a function of the flatness parameter q wd assuming a wd = 2 kpc. As one can see, the models corresponding to the higher values of the local mass density are clearly excluded by present observations, irrespectively of the assumed spheroidal core radius a wd (we have verified that there is only a very weak dependence of τ wd on a wd ) and flatness q wd values. The maximum allowed value for the local white dwarf mass density of such a distribution can be estimated by subtracting from the observed value of τ the self-lensing and stellar disk contributions e . 6 The outcome e Several authors have estimated the self-lensing τ self contribution, which results to be strongly depend on the assumed mass density distribution within the LMC. The best estimate to date is τ self = 2.6 − 6.8 × 10 −8 . 6
is ρ wd (R 0 ) ≃ 1.6 × 10 −3 M ⊙ pc −3 . In the case of white dwarfs in the disk distribution (see Fig. 1a ) the observational constraint for the optical depth is not violated, even for the maximum value of the local white dwarf mass density.
In Fig. 2 , the differential optical depth dτ /dD L as a function of the lens distance D L is given for the various galactic lens component (note that the results do not depend to the assumed local mass density): stellar disk (dashed line), white dwarfs in the spheroidal model (continuous lines) with q wd = 0.2, 0.4, 0.6 (from left to right), white dwarfs in the disk distribution (dotted-dashed line) for H wd = 3 kpc, and dark halo (dotted line). In the same Figure we also give the mean distance < D L > for each lens object population. As it is expected, the mean distance increases from disk to halo populations. However, the large uncertainties (which result to be of the order of 65% of the mean values) show how it is difficult to disentangle lens of different populations by only using considerations on the optical depth.
In Fig. 3 we present the obtained microlensing rates for white dwarfs models in the disk distribution (Fig. 3a) and in the spheroidal distribution (Fig. 3b) . The curve labeled as Γ (2) wd in Fig. 3a is given for ρ wd (R 0 ) = 3.4 Fig.  3b we have adopted only the upper limit for the white dwarf local density allowed by observations (see the discussion above). For comparison, we also give the differnce (grey band) between the maximum allowed rate Γ max = (3.8−5)×10 −7 yr −1 (which corresponds to the 13-17 events detected so far in microlensing experiments towards the LMC, 5 ) and that estimated for the standard stellar disk. To estimate Γ max we have assumed a total number of observed LMC stars N * = 1.19 × 10 7 during an observation time of t obs = 5.7 yr and adopted the instrument detection efficiency ǫ(t E ) given by the MACHO Collaboration. 33 Notice that we are neglecting the source spatial distribution. The only effect of this is that we are unable to estimate the expected event number as a function of the direction and the number of expected self-lensing events.
Once the microlensing rate for each lens population has been calculated, it is straightforward to obtain the expected number of microlensing events by eq. (15) .
The obtained results are given in Table 1 for some selected models. As one can see, the expected number of events for white dwarfs in the spheroidal model results in the range 0.4−4.4, for the lower (ρ wd (R 0 ) = 1.3×10 −4 M ⊙ pc −3 given by 22 ) and upper (ρ wd (R 0 ) = 4.4 × 10 −3 M ⊙ pc −3 taking two standard deviations for the local white dwarf mass density estimated by 20 ) local mass density values, respectively. For white dwarfs in the disk model the expected number of events is 0.1 − 1.2, for the lower and upper local mass density values, respectively. Clearly, if one considers that the total number of events observed by the MACHO Collaboration in a 5.7 years campaign towards the LMC is 13 − 17 5 and that 3-4 of these events are expected to be due to self-lensing 6 , the obtained results may be considered as consistent with observations for all white dwarf models.
In principle, the mean time duration of the microlensing events caused by each of the three lens components could be a better indicator to investigate the presence of a white dwarf component through microlensing searches. In the same Table  we give the mean event duration < t E >, with the relative uncertainty σ <tE> , of microlensing events from stellar disk lenses, halo lenses and selected models of white dwarf distributions. To estimate σ <tE> we use a Montecarlo program f to obtain the event duration distributions (which are given in Fig. 4 ) and we define σ <tE> so that < t E > −σ <tE> , < t E > +σ <tE> is the duration range containing 50% of expected events.
As one can see from the Table, it is extremely difficult to really distinguish f In particular, we count the number of events falling in each duration bean (t, t + δt) by performing a five-dimensional integration on x, v S , v L (see eq. 12). For each choice of the five parameters above made by the integration (through Montecarlo methods) routine, the event duration is uniquely determined so that one can calculate the number of occurrence of a given duration value. corresponds to ρ wd (R 0 ) = 1.6 × 10 −3 M ⊙ pc −3 which follows from the constraints of the observed optical depth (see Fig. 1b and discussion in the text) . Table 1 . The expected number of events for different types of lenses and models are reported. For white dwarfs in the spheroidal models (first four lines) we assume a wd = 2 kpc. The assumed mass values are m d = 0.4 M ⊙ for disk stars, m h = 0.5 M ⊙ for halo lenses and m wd = 0.65 M ⊙ for white dwarfs. We assume that about 20% of the halo dark matter is made of MACHOs. The models labelled with S correspond to white dwarfs distributed in spheroidal models with flatness parameter q wd given as subscript. The models labelled as D corresponds to white dwarfs distributed in disk models with height scale appearing as subscript (in kpc). The superscript l corresponds to white dwarf local mass-density ρ wd (R 0 ) = 1.3×10 −4 M ⊙ pc −3 while h corresponds to ρ wd (R 0 ) = 1.6 × 10 −3 M ⊙ pc −3 for spheroidal models and to ρ wd (R 0 ) = 4.4 × 10 −3 M ⊙ pc −3 for disk models (for details see text). between the different lens populations since they have comparable average duration values. This is also more clear in Fig. 4 in which the probability distribution (upper panels) and the distribution of the number of events (lower panels) for each galactic population are shown as a function of the microlensing duration for the fourth and eighth model given in the Table. The curves shown allow to directly estimate the probability that an observed event belong to one of the considered populations.
Conclusions
In the present paper we have considered, in addition to the standard stellar disk, bulge and halo lens populations, gravitational microlensing towards the LMC also from a population of white dwarfs distributed according to two different models: thick disk and spheroidal shape with various flatness values. By comparing optical depth theoretical results and observational data towards the LMC we find for the local mass density of white dwarfs in the spheroidal distribution an upper limit of about ρ wd (R 0 ) ≃ 1.6 × 10 −3 M ⊙ pc −3 . For white dwarfs distributed according to disk models, instead, available observations are unable to set an upper limit on the white dwarf local mass density value.
We have then calculated the expected microlensing rate from each lens population model, the average event duration < t E > i and the expected number of events N ev,i for each galactic lens population by taking into account the detection efficiency given by the MACHO Collaboration. 33 In the Table our main results for selected lens models are presented. As one can see, the expected number of events for white dwarfs in the spheroidal model results in the range 0.4 − 4.4, for the lower and upper local mass density values, Fig. 4 . The differential event number dNev(t E )/dt E (lower panels) is given as a function of the duration t E , for the fourth (right) and eighth (left) model in the Table. For each lens component, the curves are normalized to the respective total number of events quoted in the Table. In the upper panels, for the same models, the probability for each lens population is also given as a function of t E . As in the previous Figures, we adopt dotted, dashed and continuous lines for halo, disk and white dwarf lens components, respectively. We note that the fluctuations in the curves are due to the Montecarlo method.
respectively. For white dwarfs in the disk model the expected number of events is 0.1 − 1.2, for the lower and upper local mass density values. Clearly, if one considers that the total number of observed events is 13 − 17 5 and that 3 − 4 events can be accounted for by self-lensing, 6 the obtained results may be considered as consistent with observations. The event durations for the various adopted models are given in the Table. From this Table and Fig. 4 it is clear how it is difficult to distinguish between the various lens populations, since the obtained distributions look similar. Therefore, microlensing observations alone cannot allow at present to understand the nature of the lens. Indeed, in order to distinguish among different lens populations, one should eliminate the degeneracy in microlensing observations (which give as a result the event duration and the source amplification) since a direct measurement of the MACHO distance, mass or transverse velocity is generally not possible. The best way to solve the issue is to perform parallax observations of microlensing events since it allows a direct measurement of the MACHO distance to the observer. 34, 35, 36 On the other hand, this requires telescopes in orbit around the Sun, which is probably rather far in the future.
In any case, present and future microlensing and pixel lensing observations towards different directions -e.g. M31 37 or other nearby galaxies -should allow to increase the available statistics of microlensing events towards several directions getting, through an accurate data analysis, more information about the possible presence of different lens populations in the Galaxy. Moreover, it will be possible to find an increasing number of microlensing events for which parallax measurements (or a direct imaging of the lens through the next generation of space-based telescopes) may allow to solve the parameter degeneracy allowing a direct estimate of the lens mass and distance.
